Rust is considered the most important disease in coffee because it causes severe defoliation in plants and, consequently, reduction in productivity. This study evaluated the in vitro effect of essential oils of cinnamon, citronella, lemongrass, clove, tea tree, thyme, neem and eucalyptus on the germination of urediniospores of Hemileia vastatrix; the effectiveness of these oils to control rust on seedlings of coffee cultivars Catucaí 2SL, Catuaí IAC 62 and Mundo Novo 379/19 in the greenhouse; and the effect of more promising oils on urediniospores of H. vastatrix by transmission electron microscopy (TEM). All the essential oils inhibited the germination of urediniospores with increasing concentrations. All oils promoted partial control of the disease in the greenhouse. However, the oils of thyme, clove and citronella, at a concentration of 1000 µL L -1 , were most effective in controlling the disease on cultivars Catucaí 2SL, Catuaí IAC 62 and Mundo Novo 379/19, respectively. The images generated in TEM showed that urediniospores exposed to oils of clove, citronella and thyme promoted cellular disorganization and cytoplasmic vacuolization, which was more pronounced in urediniospores exposed to citronella oil. The oils of thyme, clove and citronella are promising for the control of rust in coffee.
INTRODUCTION
Coffee (Coffea arabica L.) is one of the most important sources of foreign currency for Brazil, the world's largest producer and exporter of coffee. According to the Companhia Nacional de Abastecimento (2011) , Arabica coffee production in 2011 was 32.18 million bags. In Brazil, it is estimated that losses due to rust (Hemileia vastatrix Berk. & Br.) are in the order of 30% of production, mostly due to lack of control measures (POZZA, 2008) .
According to Zambolim et al. (2005) , the severity of rust and consequent damage to production varies from region to region and from year to year, due to the pending charge and prevailing climatic conditions. Damage caused by rust is mostly indirect, inducing loss of leaves leading to a poor harvest. The early fall of leaves results in fewer fruit set at flowering, and also in dry pellets on primary branches, affecting production. Moreover, having constantly dry branches reduces the longevity of the trees, gradually making the crop uneconomic (POZZA, 2008) .
Most cultivars grown in Brazil are susceptible to rust (ZAMBOLIM et al., 2005) . The disease is difficult to control, but satisfactory results are obtained with the use of cupric and systemic fungicides in foliar sprays or through soil applications of systemic fungicides, associated or not with insecticides. However, the inappropriate use of these fungicides can select new resistant physiological races of the pathogen (AGRIOS, Ciênc. agrotec., Lavras, v. 36, n. 1, p. 16-24, jan./fev., 2012 and cause irreversible damage to the environment and to human health.
Therefore, research into the potential of essential oils to control plant diseases has been conducted in several pathosystems. Medice et al. (2007) (PEREIRA et al., 2008; .
The goals of this study were to evaluate the in vitro effect of medicinal plant essential oils on the urediniospores germination of H. vastatrix, their efficacy in the control of leaf rust on three coffee plant cultivars, and their effects on the urediniospores ultrastructure.
MATERIAL AND METHODS
The trials were conducted at the Federal University of Lavras (Lavras, Minas Gerais State, Brazil), in the period from January to November of 2008.
To obtain the H. vastatrix inoculum, naturally infected leaves from coffee plants were collected in the field. Urediniospores were removed from the leaves using a soft bristle brush and stored in microtubes for a maximum period of 48 hours, until use. For inoculation, a suspension of urediniospores of H. vastatrix was prepared at a concentration of 0.5 g L -1 urediniospores in distilled water containing Tween 80 (0.025%). This concentration was used in all the experiments. The essential oils of all species used in the experiments were acquired from Professor Accorsi Medicinal Plants ® (Piracicaba, São Paulo State, Brazil). To evaluate the toxicity on H. vastatrix germination, the essential oils extracted from tea tree (Melaleuca alternifolia Cheel), cinnamon (C. zeylanicum ), lemongrass (Cymbopogon citratus (DC) Stapf), citronella (C. nardus (L.) Rendle.), clove (S. aromaticum), eucalyptus (C. citriodora), neem (A. indica) and thyme (T. vulgaris ) were tested at a concentrations of 0, 250, 500, 1000, 1500 and 2000 µL L -1 in distilled and sterilized water. Powdered milk, 10 g L -1 in distilled and sterilized water, was added as a natural emulsifier at a concentration of 2000 µL L -1
, from which came the other dilutions. In order to isolate the effect of the powdered milk, a treatment composed only with this substance was added to the experiment at a concentration of 2000 µL L -1 . Petri dishes of 6.0 cm in diameter were used with 2.0% (w/v) agar-water medium (AW). The treatments were added to the medium, after the temperature had dropped to 40º C, before it was poured on the dishes, so that the final dilutions reached those pre-established. After the solidification of the medium, 500 µL of the conidial suspension of the pathogen was deposited on its surface and spread with a Drigalski spatula. Next, the dishes were incubated at 23º C, in the dark for 24 hours. The experiment was conducted in a completely randomized design, with two dishes for each treatment, and each one divided into four quadrants, where 50 urediniospores per quadrant were appraised, to a total of eight replications. After incubation, germination was stopped by the addition of four drops of lactoglycerol solution and the urediniospore germination percentage appraised under a light microscope.
With the objective of evaluating the efficiency of the essential oils in the control of the leaf rust, three coffee plant cultivars, susceptible to H. vastatrix, were chosen: Mundo Novo 379/19, Catuaí IAC 62 and Catucaí 2SL. Their seedlings were acquired at six months of age from the Experimental Station of EPAMIG -South Minas Research Center (Lavras, Minas Gerais State, Brazil) -and transplanted to polystyrene bags containing 3.0 L of substrate composed of expanded vermiculite, organic materials, macro-and micronutrients. The plants were maintained in a greenhouse during the whole experimental period, where they were periodically irrigated and fertilized according to the recommendations (RIBEIRO et al., 1999) .
At one year old, the coffee plants were sprayed until dripping with the essential oils of tea tree, cinnamon, lemongrass, citronella, clove, eucalyptus, neem and thyme at a concentration of 1000 µL L -1 (used as resistance induction standard), and distilled water (control), using a manual sprayer. After 30 days, these treatments were repeated. Seven days after the first application, the plants were inoculated with H. vastatrix urediniospores suspension. Soon afterwards, the plants were maintained in a humid chamber, in the dark, for 60 hours. The experiment was conducted in a randomized block design, with three replications, and the plot was composed of six plants. Five evaluations of the leaf rust were made, starting from the 30 th day after inoculation, at 11-day intervals, according to the diagrammatic scale of Cunha et al. (2001) . Soon afterwards, the areas under the incidence progress curve (AUIPC) and severity of leaf rust progress curve (AUSPC) were calculated, according to Shaner and Finney (1977) . Statistical analyses were conducted using the Sisvar (v. 4.5) statistical software. The qualitative means were grouped using the Scott-Knott test (p<0.05) and regression graphs were generated for quantitative means. The urediniospores germination percentage data were transformed to (x + 1).
To elucidate the action mechanism of the most promising essential oils on the ultra-structure of urediniospores of H. vastatrix, the essential oils of cinnamon, citronella, clove and thyme were tested at a concentration of 1000 µL L -1 . Tebuconazol fungicide at 200 µL L -1 and distilled and sterilized water were used as standard treatments.
The essential oils were added separately in Erlenmeyer flasks containing distilled and sterilized water and H. vastatrix urediniospores. The Erlenmeyers were maintained in a shaker at 100 rpm, at 23° C, in the dark, for 24-hour period. After this, 2.0 mL aliquots of these solutions were put in microtubes and pre-fixed in a modified Karnovsky solution (glutaraldehyde 2.5%, paraformaldehyde 2.0% in sodium cacodylate buffer 0.05M, CaCl 2 0.001 M, pH 7.2), for 24 hours. The microtubes were centrifuged for five minutes at 6000 rpm and the supernatant discarded. Next, 0.5 mL of 1.0% agarose gel was added to the microtubes, to form a pellet, on which the urediniospores adhered. These fragments were transferred to 0.05M sodium cacodylate buffer solution, washed three times for 10 minutes and post-fixed in 1.0% osmium tetroxide for one hour. The same fragments were then washed twice in distilled water for 15 minutes, and en-bloc stained in 0.5% uranyl acetate solution, for 12 hours, at 4° C, and washed again in distilled water. The samples were dehydrated in a graded acetone series (once at 25%, 50%, 75%, 90% and three times at 100%) and infiltrated in an increasing Spurr/acetone gradient of 30% (8 hours), 70% (12 hours) and 100% twice, for 24 hours each. The fragments were mounted in molds, embedded in pure Spurr resin and put to polymerize in an oven at 70° C, for 48 hours.
For the ultramicrotomy, the blocks were taken to the trimming apparatus to remove the excess. Soon afterwards, thick (0.85 µm) and thin (<100 nm) sections were cut, using a Reichrt-jung (ultracut) ultramicrotome equipped with diamond knife. Thick sections were collected with a gold ring, put on glass slides, stained with toluidine blue (1.0 g toluidine blue, 1.0 g sodium borate and 100 mL distilled water), filtered in a 0.22 µm cellulose membrane and permanently mounted in Permalt medium. Thin sections were picked up on gold slot grids, and allowed to dry on Formvarcoated aluminum racks (Rowley; Moran, 1975) . These sections were post-stained with uranyl acetate, followed by lead citrate for three minutes each. Soon afterwards, the samples were examined using a Zeiss EM 109 transmission electron microscope operating at 80kv and 9.0 mm distance. The images generated were digitally recorded and edited in the Photo-Paint software of the Corel Draw 12 package.
RESULTS AND DISCUSSION
The germination of the H. vastatrix urediniospores decreased with increased concentrations of essentials oils (Figure 1 ). The cinnamon, citronella, lemongrass, tea tree and thyme oils totally inhibited the germination of the urediniospores starting from 1000 µL L , respectively. The powdered milk treatment did not differ from the control.
Similarly, Pereira et al. (2008) observed reduction of Coffea coffeicola conidial germination when subjected to increasing concentrations of the essential oil of thyme. This effect is probably due to the presence of compounds such as thymol and carvacrol, already known for their fungicidal and bactericidal properties (ZAMBONELLI et al., 2004) . Similary, the effect of cinnamon oil is attributed to cinnamaldehyde and eugenol compounds present in large concentrations (MONTES-BELMONT; CARVAJAL, 1998). Ponce et al. (2003) reported the antimicrobial power of essential oils of tea-tree and clove, when used at a concentration of 500 mL L -1 on bacterial growth by concentration minimal method. In this case, the toxicity of oils on the pathogens is attributed to the antimicrobial compounds terpinen-4-ol and eugenol present in high concentrations in oils (VIEIRA et al., 2004) . Essential oils of Cymbopogon sp., Thymus sp. and Cynamomum sp. have large amounts of monoterpenes (dlimonene, cineole, bmyrcene, anethole, p-anisaldehyde, carvacrol, carvone, limonene, felandrene, pinene, etc.), which are responsible for inhibiting germination of several pathogens (WILSON et al., 1997) . When in direct contact with microorganisms these compounds alter the permeability of cell membranes, causing leakage of their constituents (PIPER et al., 2001; RASOOLI et al., 2006) . In the experiment conducted in the greenhouse, no phytotoxicity symptom was observed due to the application of the essential oils. Significant interactions were observed in the area under the incidence progress curve (AUIPC) and severity of leaf rust (AUSPC) for the cultivars and products or substances. Tebuconazol fungicide presented the highest reduction in AUIPC on Catuaí IAC 62 cultivar, 78.75%, followed by clove oil, with a reduction of 26.3% (Figure 2A) . Lemongrass, ci nnam on, thym e, tea tree, ci tronell a oi ls a nd acibenzolar-S-methyl reduced the disease incidence by 15.5%, 15.0%, 13.2%, 12.1%, 12.0% and 7.9%, respectively. As regards the AUSPC of the disease, the fungicide presented the highest reduction, 94.8% ( Figure 2B ). Clove and lemongrass essential oils presented reductions of 67.9% and 67.7%, respectively, followed by tea tree, with reductions of 55.4%. The cinnamon oil reduced the AUSPC by 45.3%, followed by thyme and citronella, with controls of 37.5% and 32.7%, respectively. The acibenzolar-S-methyl presented a reduction of severity of 12.1%, while eucalyptus and neem oils did not differ from the control. For Catucaí 2SL cultivar, tebuconazol fungicide reduced the AUIPC and the AUSPC by 77.6% and 93.9%, respectively, in relation to the control, differing from the other treatments (Figure 2C and D) . Acibenzolar-S-methyl and oils of thyme and clove reduced the leaf rust incidence by 56.6%, 55.5% and 54.3%, respectively, followed by lemongrass, tea tree and citronella oils, which reduced the incidence by 45.7%, 43.0% and 42.7%, respectively. The other oils promoted reductions of 22.3% to 28.3%. Regarding the AUSPC, the thyme, citronella, clove and lemongrass oils presented controls of 83.0%, 77.2%, 73.7% and 70.8%, respectively, followed by acibenzolar-S-methyl and oils of cinnamon and tea tree, with controls of 53.3%, 49.1% and 44.8%, respectively. The eucalyptus and neem oils reduced the AUSPC by 38.5% and 30.8%, respectively. During the evaluations of disease in the greenhouse less sporulation of the pathogen was observed on infected leaves of Catucaí 2SL cultivar, due to the horizontal resistance of this cultivar to coffee leaf rust.
For Mundo Novo 379/19 cultivar, the fungicide reduced the AUIPC and the AUSPC of the disease by 83.1% and 97.4%, respectively ( Figure 2E and F) . Citronella and cinnamon oils reduced leaf rust incidence by 34.0% and 29.6%, respectively, followed by eucalyptus, tea tree, thyme and clove oils, with reductions of 11.3%, 10.2%, 5.7% and 4.8%, respectively. The other oils and acibenzolar-S-methyl did not reduce the disease incidence. Regarding the AUSPC for Mundo Novo 379/19 cultivar, it was observed that thyme, citronella, tea tree, eucalyptus, cinnamon, lemongrass and clove oils reduced AUSPC by 47.5%, 42.2%, 46.3%, 46.0%, 38.7%, 38.0% and 37.6%, respectively, while neem oil reduced the disease severity by 10.9%. Acibenzolar-S-methyl did not reduce the severity of leaf rust.
Some authors have previously confirmed the efficiency of acibenzolar-S-methyl and of some essential oils in the control of plant diseases. Costa et al. (2007) , respectively. Recently, Pereira et al. (2011) demonstrated the effectiveness of essential oils in controlling brown eye spot in the greenhouse. According to the authors, citronella oil at 1000 µL L -1 decreased disease severity by 43.08% and 29.62% on Catucaí 2SL and Mundo Novo 379/19 cultivars, respectively, while cinnamon oil at 1000 µL L -1 reduced the severity of the disease by 58.28% on cultivar Catuaí IAC 62.
It is therefore suggested that the partial control of rust obtained by application of essential oils, possibly due to the presence of toxic compounds in large quantities, provides a protective effect (MONTES-BELMONT; CARVAJAL, 1998). This evidence does not exclude the possibility that other compounds present in oils in smaller amounts may be contributing indirectly to disease control by inducing plant defense response. To prove this, further studies are needed, such as the quantification of enzymes related to plant defense and gene expression, the latter possibly to explore which defense genes were being expressed through the application of oils.
The images generated by the transmission electron microscope showed that urediniospores of H. vastatrix exposed to the fungicide tebuconazole ( Figures 3B1, B2 and B3) and clove oil ( Figures 3D1, D2 and D3) presented cellular vacuolization, whereas untreated cells presented normal ultra-structures ( Figures 3A1, A2 and A3 ). Urediniospores exposed to the citronella ( Figures 3C1, C2 and C3) and thyme oils ( Figures 3E1, E2 and E3) presented, in most images, cellular vacuolization and cytoplasmic disorganization. However, this was less severe than that observed in urediniospores exposed to citronella oil.
The deleterious effects of essential oils on fungal spores have also been observed in other studies. Rasooli et al. (2006) showed by transmission electron microscopy that Thymus eriocalyx (Ronniger) Jalas and T. x-porlock essential oils cause severe damage to the cells of Aspergillus niger Van Tieghem, such as morphological changes of hyphae during germination, plasma membrane rupture and destruction of the mitochondria and other cellular organelles. Liu et al. (2009) Helal et al. (2007) reported that the hyphae walls of A. niger and A. flavus Link, respectively, disappeared in some regions after treatment with citronella essential oil. According to Piper et al. (2001) , the action of essential oils and their substances, when in contact with microorganisms, promotes cell permeability and flow of their constituents. Figure 3 -Transmission electron micrographs of Hemileia vastatrix urediniospores exposed to distilled water (A1 to A3) present normal cells, and urediniospores exposed to the fungicide tebuconazole at 200 µL L -1 (B1 to B3) and to essential oil of clove at 1000 µL L -1 (D1 to D3) present severe cellular vacuolization. Urediniospores submitted to oil of citronella (C1 to C3) and thyme (E1 to E3) present disorganization and moderate cellular vacuolization.
Based on the results obtained by electron microscopy and germination test, it is believed that essential oils act directly on the urediniospores of H. vastatrix, reducing the infection rate of the pathogen and, consequently, the disease severity. The alternative use of essential oils has the main purpose of reducing the use of pesticides which, over time, cause irreversible damage to human health and the environment. Thus, the use of essential oils, along with other control strategies used in the integrated management of diseases, can provide satisfactory results in reducing disease in coffee, especially in organic coffee production fields, where pesticides are not used.
CONCLUSIONS
The essential oils of cinnamon, citronella, lemongrass, clove, eucalyptus, tea tree, thyme and neem reduce the germination of Hemileia vastatrix urediniospores.
Essential oils promote partial control of the rust on coffee plants in the greenhouse. The oils of thyme, clove and citronella are the most promising for the control of the disease on Catucaí 2SL, Catuaí IAC 62 and Mundo Novo 379/19 coffee plant cultivars.
Essential oils of citronella, thyme and clove promote disorganization and cellular vacuolization in urediniospores of H. vastatrix.
